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Myxovirus resistance (Mx) proteins restrict replica-
tion of numerous viruses. They are closely related to
membrane-remodeling fission GTPases, such as dy-
namin. Mx proteins can tubulate lipids and form rings
or filaments that may interact directly with viral struc-
tures. GTPase domain dimerization is thought to
allow crosstalk between the rungs of a tubular or he-
lical assembly, facilitating constriction. We demon-
strate that the GTPase domain of MxA dimerizes to
facilitatecatalysis, in a fashionanalogous todynamin.
GTP binding is associated with the lever-like move-
ment of structures adjacent to the GTPase domain,
while GTP hydrolysis returns MxA to its resting state.
Dimerization is not significantly promoted by sub-
strate binding and occurs only transiently, yet is cen-
tral to catalytic efficiency. Therefore, we suggest
dimerization functions to coordinate the activity of
spatially adjacent Mx molecules within an assembly,
allowing their mechanical power strokes to be syn-
chronized at key points in the contractile cycle.
INTRODUCTION
Myxovirus resistance (Mx) proteins attenuate replication of a
broad range of vertebrate viruses (Haller and Kochs, 2011; Ver-
helst et al., 2013). Humans have two Mx proteins, which are
expressed as part of the interferon response to viral infection.
MxA, the product of theMx1 gene, restricts replication of a vari-
ety of RNA and DNA viruses. MxB, also referred to as Mx2, was
recently shown to inhibit HIV-1 replication (Goujon et al., 2013;
Kane et al., 2013; Liu et al., 2013). The mechanistic basis of
Mx-mediated antiviral activity remains largely indeterminate.
Mx proteins restrict disparate viral families that are genetically
and structurally diverse (Mitchell et al., 2013). MxA specifically
associates with the nucleocapsids of othomyxoviruses and bu-
nyaviruses (Kochs and Haller, 1999; Kochs et al., 2002b; Patzina
et al., 2014), suggesting that in these cases antiviral activity
might arise from entrapment, mis-sorting, or disruption of the
template for viral RNA synthesis.
Central to discussion of Mx protein activity is the relationship
between Mx proteins and mechano-chemical GTPases involvedStructure 22, 1433–in membrane remodeling (Faelber et al., 2013). Collectively
termed the dynamin-related proteins (DRPs), these enzymes
can be usefully subdivided into those that promote membrane
fission (exemplified by dynamin) and those that promote
membrane fusion (exemplified by atlastin). Mx proteins are
very closely related to the fission GTPases, and in common
with them can assemble into rings or helical filaments (Kochs
et al., 2002a) and tubulate membranes in vitro (Accola et al.,
2002; von der Malsburg et al., 2011). In fact, previous structural
analysis of the Mx proteins has yielded considerable insight into
dynamin-mediated membrane constriction (Gao et al., 2010).
In terms of molecular organization, Mx proteins and fission
GTPases have three universally conserved functional domains,
a GTPase domain, a stalk domain, and a ‘‘bundle signaling
element’’ (BSE) that connects the two (Figure 1). The stalk medi-
ates assembly of the enzyme into rings or helical filaments that
surround the target structure (Chappie et al., 2011; Faelber
et al., 2011; Ford et al., 2011; Fro¨hlich et al., 2013; Gao et al.,
2010). The tip of the stalk projects into the interior of the assem-
bly and is critical for target recognition. In the Mx proteins, the tip
incorporates a flexible and surface exposed loop (the ‘‘L4 Loop’’)
(Gao et al., 2010) that is responsible for lipid binding and specific
recognition of some viral structures (von der Malsburg et al.,
2011; Mitchell et al., 2012; Patzina et al., 2014). In dynamin, a
membrane-associating pleckstrin homology domain is inserted
into this region.
The GTPase domains decorate two opposing faces of the re-
sulting filament or ring. They are connected to the stalk by the
BSE, composed of three noncontiguous helices, drawn from
the start, middle, and end of the sequence (Figure 2A). Mx
protein assemblies are generally assumed to have contractile
activity, because of the clear homology with dynamin. Most
recent models of constriction propose that when adjacent rungs
of a helical filament or a ring are brought into proximity, dimeriza-
tion of the GTPase domains facilitates guanosine triphosphate
(GTP) hydrolysis (Figure 1), driving a large conformational
change in the BSE (for recent review, see Chappie and Dyda,
2013; Faelber et al., 2013; Morlot and Roux, 2013). This is postu-
lated as the power stroke that is responsible for constriction
of the entire assembly, though the detail of the latter process
remains to be clarified.
The role of GTPase domain dimerization in regulating GTP hy-
drolysis by the DRPs, and the connection with mechanical activ-
ity, were established by several recent structural analyses (Bian
et al., 2011; Byrnes and Sondermann, 2011; Byrnes et al., 2013;
Chappie et al., 2010, 2011; Yan et al., 2011). However GTPase1445, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1433
Figure 1. The Architecture and Assembly of
Mx Proteins
Mx proteins, and closely related fission GTPases
such as dynamin, have three universally conserved
domains (the GTPase domain, the BSE, and the
stalk domain). The structure of full-length human
MxA (PDB ID 3SZR) is depicted in surface repre-
sentation (left), highlighting these domains. Mx
proteins undergo stalk-mediated assembly into
rings or filaments that are postulated to surround a
target structure (center). When adjacent rungs
come into proximity, GTPase domain dimerization
is thought to facilitate GTP hydrolysis, driving
conformational change and mechanical constric-
tion, analogous to the fission GTPases. See also
Figure S7. The program UCSF chimera (Pettersen
et al., 2004) was used to prepare elements of
Figures 1, 2, and 3 and Movies S1 and S2.
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All DRPs studied to date have been ‘‘self-activating,’’ with their
steady state GTPase activity increasing markedly and nonli-
nearly with enzyme concentration (Gao et al., 2010; Kunzelmann
et al., 2005; Warnock et al., 1996), a common signature of oligo-
meric enzymes that can assemble and disassemble during the
catalytic cycle (Frieden, 1981). This is consistent with the role
of the GTPase domain dimer in facilitating catalysis; however,
quantitative analysis of these effects has so far been limited.
In most cases the antiviral activity of Mx proteins is firmly
linked to GTP binding or GTP hydrolysis (Kochs and Haller,
1999; Kochs et al., 2002b; Mele´n and Julkunen, 1994; Pitossi
et al., 1993; Schwemmle et al., 1995). Hence characterizing the
mechano-chemical cycle of the Mx proteins is of some interest.
Prior crystallographic analysis has clarified the basic architec-
ture of the Mx proteins (Gao et al., 2010, 2011) and suggested
a probablemode of assembly (Figure 1). In this paper, we resolve
the linkages between GTP binding and hydrolysis, GTPase
domain dimerization, and conformational change in human
MxA. To achieve this, we characterized aMxA variant fromwhich
the stalk domain has been excised (stalkless-MxA). This modifi-
cation blocks the capacity for ring or filament formation (Figure 1),
while leaving intact the ability to hydrolyze GTP and dimerize
reversibly.
We report structures of stalkless-MxA in the nucleotide-free
state, bound to a nonhydrolyzable substrate analog, and bound
to the product. These structures visualize the GTPase domain
dimer and characterize the mechano-chemical power stroke of
the enzyme. We also develop a kinetic model to describe the
catalytic activity of stalkless-DRP variants and demonstrate
that this model can be usefully fit to initial-rate enzymatic data.
The kinetic model has predictive power, helping to reveal the
transient nature of GTPase domain dimerization and the extent
to which dimerization enhances GTPase activity. We experimen-
tally confirmed the predictions of the kinetic model using enzy-
matic and biophysical analysis.
RESULTS
Crystallographic Analysis
We constructed catalytically active variants of human MxA lack-
ing the stalk region (stalkless-MxA; Figure 2A), similar to those1434 Structure 22, 1433–1445, October 7, 2014 ª2014 Elsevier Ltd Acreated for the dynamins (Chappie et al., 2010; Wenger et al.,
2013; Yan et al., 2011). These variants lack the high-order as-
sembly properties of the full-length protein, which are conferred
by the presence of the stalk. Several variants were prepared
(details in Table S1 available online), differing principally in the
composition of the short linker that was substituted for the stalk
domain, and with most carrying mutations of surface exposed
cysteine residues. These mutations are distal to the active site
and had no effect on the catalytic activity, but prevented disul-
fide-mediated aggregation (data not shown).
Stalkless-MxA was crystallized in a nucleotide-free state, in
the presence of the product (GDP), and in the presence of a
nonhydrolyzable substrate analog (GMPPCP). X-ray diffraction
data were collected to 2.0 A˚, 2.5 A˚, and 3.5 A˚, respectively.
The structure of the nucleotide-free protein was determined
by molecular replacement, employing the structural model for
the analogous dynamin variant (Protein Data Bank [PDB ID]:
2X2E). Subsequently, the structures of the nucleotide-bound
proteins were straightforwardly determined. The nucleotide-
free, GDP-bound, and GMPPCP-bound structures were refined
to a crystallographic R-factor/crystallographic free R-factor
of 0.21/0.26, 0.22/0.25, and 0.23/0.31, respectively (details in
Table 1).
The nucleotide-free and GDP-bound protein crystallized iso-
morphously in the same space group. The GMPPCP-bound
protein crystallized in a different space group, correlated with
a large conformational rearrangement of the BSE. There are
two copies of stalkless-MxA in the asymmetric unit of the
GMPPCP-bound protein crystals, and the electron density
associated with the BSE is only fully interpretable for one of
them, with the other partially disordered. For the fully ordered
subunit, the conformational switching resembles that previ-
ously observed for dynamin (Chappie et al., 2011), and is dis-
cussed further below.
Dynamin and MxA Dimerize in an Analogous Fashion
Although dimerization of stalkless-MxA is not detectable in solu-
tion, at concentrations up to 240 mM (dynamic light scattering
[DLS] and size exclusion chromatography [SEC] data not
shown), crystallization induces formation of a GTPase domain
dimer in both the presence and absence of bound nucleotide.
The same dimer is present in both crystal forms obtained. The
dimer is entirely analogous to that formed by dynamin (Chappiell rights reserved
AB
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Figure 2. The GTPase Domains of MxA and
Dynamin Dimerize in Analogous Fashion to
Facilitate Catalysis
(A) The constructs studied in this work were
derived from full-length MxA by excising the stalk
region.
(B) The GTPase domains of stalkless-MxA (GDP-
bound; PDB ID 4P4T) and stalkless-dynamin
(GDP.AlF4 bound; PDB ID 2X2E) dimerize in similar
fashion. The molecules are displayed in ribbon
representation, together with a semitransparent
molecular surface. Bound nucleotides are dis-
played in ball and stick representation.
(C) Detail of the dimer interface in MxA and
dynamin. Key side chains involved in intermolec-
ular hydrogen bonding between the protein sub-
units are displayed in ball and stick representation,
together with GDP and side chains involved in
formation of the hydrophobic socket. Intermolec-
ular hydrogen bonds are indicated with yellow
dashed lines. The Switch I loop of stalklessMxA (aa
98–103) is disordered in the GDP-bound structure,
and is not depicted.
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The Mechano-Chemical Cycle of Human MxAet al., 2010) (Figure 2B), with the dimer interface overlapping the
nucleotide binding pocket of the GTPase domain, and effectively
burying it. At the ‘‘top’’ of the interface (Figure 2C) the intermolec-
ular hydrogen bonding network is almost completely conserved
betweenMxA and dynamin. In particular, in the presence of both
substrate analog and product, D253 (which maps to D211 in hu-
man dynamin) is directly involved in hydrogen bonding the gua-
nine base of the nucleotide held by the neighboring subunit. At
the ‘‘bottom’’ of the interface (Figure 2C) there is some functional
conservation betweenMx and dynamin, but critical substitutions
have occurred at the residue level. In both proteins, charge-as-
sisted hydrogen bonds link the dimer subunits (involving R184
and E227 in MxA, and E153 and K188 in dynamin). However,
the contributing side chains do not connect the same secondary
structural elements and carry opposing charge in corresponding
subunits of MxA and dynamin. Also in both proteins, a divaline
motif from one subunit interacts with a hydrophobic socket
created by the other. There are conservative substitutions of res-
idues within the socket.
The Bundle Signaling Element Mediates a Power Stroke
during the Catalytic Cycle
DRPs undergo myosin-like power strokes during the catalytic
cycle, with GTP hydrolysis leading to a repositioning of struc-
tures situated adjacent to the GTPase domain. Prior crystallo-
graphic analysis has characterized this reconfiguration for
dynamin (Chappie et al., 2011), A. thalania DRP (Yan et al.,
2011), and atlastin (Bian et al., 2011; Byrnes and Sondermann,Structure 22, 1433–1445, October 7, 20142011; Byrnes et al., 2013). The crystal
structures of stalkless-MxA show the
protein retains this cardinal attribute of
the fission and fusion GTPases. In the
GMPPCP-bound structure, the BSE pro-
jects out from the body of the GTPase
domain, while in the nucleotide-free and
GDP-bound structures the BSE packs
against the body of the GTPase domain.This suggests GTP loading drives the BSE of Mx proteins into
the ‘‘up’’ configuration, while GTP hydrolysis returns the BSE
to the ‘‘down’’ configuration, which is also the enzyme’s resting
state (Figure 3). This is consistent with prior observations for dy-
namin (Chappie et al., 2011). From the crystallographic observa-
tions it is unclear if substrate binding to the monomer promotes
conformational change in the BSE, or if dimerization is addition-
ally required.
In both MxA and dynamin, helices H2 and H3 of the BSEmove
as a pseudo-rigid body, essentially pivoting around a conserved
proline (P340 in MxA, and P294 in dynamin), which connects the
last a-helix of the GTPase domain to helix H2 (Figure 3). Helix H1
of the BSE moves along a slightly different trajectory, pivoting
around another conserved proline (P71 in MxA, and P32 in dyna-
min), which initiates the first b strand of the GTPase domain.
The two proline pivots appear to be retained in all Mx proteins
and dynamins (Figure S1), implying a fundamental conservation
of mechanism. While the role of Proline (Pro) 340 in BSE move-
ment has already been highlighted, being previously termed
the BSE hinge (Chappie et al., 2011) or ‘‘hinge 2’’ (Gao et al.,
2011), the role of Pro 71 has been less emphasized. Yet our study
reinforces that both proline hinges are central to the structural
reconfiguration of the BSE, which cannot be approximated as
a single rigid body motion.
In detail, the observed conformational change within the BSE
also differs significantly between MxA and dynamin. In MxA,
helices H2 and H3 undergo a rotation of 110 relative to theª2014 Elsevier Ltd All rights reserved 1435
Table 1. Protein Crystallization Conditions and Statistics Associated with X-Ray Diffraction Data and Atomic Models
Protein Stalkless-MxA (Variant 3) Stalkless-MxA (Variant 2) + GDP
Stalkless-MxA (Variant 4) +
GMPPCP
Crystallization Conditions
Protein concentration (mM) 250 250 225
Additives in the protein solution None 2 mM GDP 2 mM GMPPCP
2 mM aluminum chloride 5 mM magnesium chloride
20 mM sodium fluoride
5 mM magnesium chloride
Reservoir solution 2.33 M ammonium sulfate 2.0 M ammonium sulfate 26% (w/v) polyethylene glycol
(PEG) 4000
0.2 M AMPSO/KOH pH 9.10 0.2 M AMPSO/KOH pH 9.10 0.2 M EPPS/KOH pH 7.9
0.5 M glycerol
Temperature (C) 18 18 18
X-Ray Diffraction Data
Cryoprotectant 2.4 M ammonium sulfate 2.4 M ammonium sulfate 25% (w/v) PEG 4000
0.1 M AMPSO/KOH pH 9.10 0.1 M AMPSO/KOH pH 9.10 0.1 M EPPS/KOH pH 7.90
0.715 M lithium sulfate 0.715 M lithium sulfate 20% (v/v) glycerol
Space group I212121 I212121 P212121
Unit cell lengths (A˚) a = 46.49, b = 77.08, and
c = 206.20
a = 47.03, b = 77.60, and
c = 212.35
a = 60.75, b = 66.59, and
c = 171.45
X-ray source Australian synchrotron
beamline Mx2
Australian synchrotron
beamline Mx2
Australian synchrotron
beamline Mx2
X-ray wavelength (A˚) 0.9537 0.9537 0.9537
Sample temperature (K) 100 100 100
Data resolution limits (A˚)a 45.201.90 (1.93–1.90) 32.052.30 (2.34–2.30) 49.263.30 (3.30–3.40)
Number of unique observationsa 29,671 (1,406) 17,794 (872) 10,950 (898)
Mean redundancya 6.9 (4.8) 7.1 (7.3) 9.0 (9.3)
Completeness (%)a 99.7 (95.1) 99.9 (100.0) 99.9 (100.0)
Rmeasure
a 10.0 (100.0) 10.2 (100.0) 12.4 (100.0)
Mean I /sIa 24.6 (1.8) 28.9 (2.6) 19.0 (2.9)
CC1/2 of high resolution shell 0.728 0.682 0.827
Nominal resolution (Rmeasure 60) (A˚) 2 2.5 3.5
Crystallographic Models
Number of protein molecules in the
asymmetric unit
1 1 2
Rwork/Rfree
b 0.210/0.259 0.216/0.254 0.231/0.305
Total number of protein atoms 2,723 2,657 4,879
Number of water molecules 206 87 17
Other ligands SO42 GDP GMPPCP
SO4
2 Mg2+
Disorder model one TLS group per protein
molecule + residual isotropic
B-factors
one TLS group per protein
molecule + residual isotropic
B-factors
three TLS groups per protein
molecule (aa 51–70, 71–340,
and 341–662) + residual
isotropic B-factors
Mean total isotropic B-factor, all
protein atoms (A˚2)
30.2 55.6 83.8
Bulk solvent model mask mask mask
Root-mean-square deviation from
ideal geometry: bond lengths (A˚)/bond
angles ()
0.009/1.358 0.006/1.128 0.012/1.605
(Continued on next page)
Structure
The Mechano-Chemical Cycle of Human MxA
1436 Structure 22, 1433–1445, October 7, 2014 ª2014 Elsevier Ltd All rights reserved
Table 1. Continued
Protein Stalkless-MxA (Variant 3) Stalkless-MxA (Variant 2) + GDP
Stalkless-MxA (Variant 4) +
GMPPCP
Residues in favored/allowed regions
of Ramachandran plot (%)c
97.65/100 97.27/99.70 90.17/99.05
PDB ID code 4P4U 4P4T 4P4S
EPPS, 3-[4-(2-hydroxyethyl)-1-piperazinyl]propane-1-sulfonic acid; TLS, translation/libration/screw.
aNumbers in parentheses are for the highest resolution shell.
bCalculated from a randomly selected 5% of observations omitted from all model refinement.
cDefined by the MolProbity web-server.
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The Mechano-Chemical Cycle of Human MxAGTPase domain, during which helix H1 both slips and rotates
underneath them. As a result, helix H1 packs parallel to H2 and
H3 in the ‘‘down’’ configuration, and nearly orthogonal to them
in the ‘‘up’’ configuration (Figure 3). In dynamin, helices H2 and
H3 rotate 60–70 about a differing axis, during which helix
H1 slips past them, changing the interhelical register, but retain-
ing the basic parallel and antiparallel helix packing of the BSE.
The differing nature of the BSE reconfiguration in dynamin and
MxA, inferred from the crystal structures, is summarized in
Movies S1 and S2.
Movement of the BSE in MxA is also associated with flexion of
the central b sheet of the GTPase domain, andmovements of the
a helices, which surround the active site (Movie S1), as previ-
ously noted for dynamin (Chappie et al., 2011). However at the
current resolution, the way that conformational changes are
relayed from the active site through to the BSE cannot be unam-
biguously established.
Dimerization and the Presence of the g-Phosphate
of Guanosine Triphosphate Stabilize the Conformation
of the Switch l Loop
There are significant changes at the active site associated with
substrate binding. The ‘‘Switch I Loop’’ involved in Mg2+ coordi-
nation, is disordered in both the nucleotide-free and GDP-bound
dimer structures, with no clear electron density for aa 98–103 of
MxA, or for a bound magnesium ion. In the GMPPCP-bound
dimer structure the Switch I loop is ordered and Mg2+ is clearly
present, with the overall active site configuration very similar
to GMPPCP-bound stalkless-dynamin (Chappie et al., 2011).
Combined with earlier crystallographic observations on DRPs
(Gao et al., 2011; Ghosh et al., 2006; Niemann et al., 2001;
Wenger et al., 2013), this suggests that dimerization, coupled
with the presence of the g-phosphatemoiety of the bound nucle-
otide, serves to stabilize Switch I loop, potentiating enzymatic
catalysis.
Kinetic and Biophysical Analysis
Catalytic Activity of Stalkless-MxA Is Concentration
Dependent
To explore the role of dimerization in Mx-catalyzed GTP
hydrolysis, we performed initial rate enzymatic analysis on stalk-
less-MxA (see Supplemental Experimental Procedures). As ex-
pected, stalkless-MxA is self-activating. The enzyme-catalyzed
reaction rate increases markedly and nonlinearly with enzyme
concentration (Figure 4), in contrast to the linear increase ex-
pected of a simple catalyst. Together, the enzymatic and struc-
tural data suggest that dimerization is required to either establish
or enhance catalytic activity. To quantitatively address this issue,Structure 22, 1433–kinetic models describing catalysis by dissociable dimeric
enzymes are needed.
Kinetic Models for Dissociable Dimeric Enzymes
To develop a generally applicable class of models, we followed
the approach of Hill (1985). The enzymatic reaction is modeled
as a three-state process, with catalysis and product release
not assumed to be simultaneous (Figure 5A). Applied to the
DRPs, a simplifying modification immediately arises, as their
active sites are buried in the subunit interfaces of the dimer.
Consequently, the dimer cannot bind or release substrate
and product without dissociating. This eliminates all the
noncatalytic transitions between dimeric species, resulting in
the model shown in Figure 5B, applicable to dimerizing
enzymes with substrate binding sites that are sequestered by
dimerization.
With two approximations, a physically reasonable model
results that can be usefully fit to experimental rate data. The
first approximation is that dimerization of substrate-free
enzyme can be neglected. At the elevated GTP concentrations
and high GTP/GDP ratios typically employed in vitro, and also
found within the cell (Traut, 1994), this approximation should
hold well. The second approximation is that catalysis occurs
relatively rapidly upon enzyme dimerization (i.e., the sub-
strate-bound states of the dimer are transient intermediates).
If this approximation is poor, there are no effective conse-
quences for initial rate analysis. In addition to these two
approximations, all catalytic steps for the DRPs can be
considered effectively irreversible, as GTP hydrolysis is highly
exergonic.
Incorporating these modifications results in the model de-
picted in Figure 6A. We term this the 3M1D model (because
it posits three monomer states and one dimer state are exper-
imentally observable). The 3M1D model provides a useful
starting point for exploring the catalytic activity of stalkless-
DRPs. The model results in a set of differential equations
that describe the time-dependent behavior of the system. In
this paper, we analyze initial rate data, collected at steady
state. In this special case, the concentration of product is
negligible, mitigating the effect of product inhibition. Applying
the steady state approximation (no net change in the concen-
tration of reaction intermediates) allows derivation of an explicit
algebraic expression for the initial reaction velocity involving
the rate constants of the 3M1D model and the total enzyme
and initial substrate concentrations (see Supplemental Experi-
mental Procedures).
A further point requires clarification. For simplicity, we
have depicted the reaction as generating a single product,1445, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1437
Figure 3. GTP Binding and Hydrolysis
Induce a Conformational Change in the
BSE of MxA
The BSE is formed by three noncontiguous helices
(helices H1 aa 49–70; H2, aa 341–360; and H3 aa
640–662). Associated with GTP binding and hy-
drolysis, helices H2 and H3 pivot as a semirigid
body about the conserved Pro 340, while helix H1
repositions underneath them, pivoting around the
conserved Pro 71. The top panel shows the
monomer in ribbon representation. Red spheres
highlight the Ca atoms of the proline pivots, while
solid cylinders highlight the three helices of the
BSE. The bottom panel shows a surface repre-
sentation of the corresponding stalkless-MxA
dimer. In the GMPPCP-bound crystal structure,
the electron density for the BSE is only fully
resolved in one of the two subunits of the dimer,
due to crystal packing effects. A model based on
the well defined subunit is depicted. In the other
subunit Helix H2 extends even further from the
body of the domain, while the remaining helices
are partially (H1) or completely (H3) disordered.
See also Movies S1 and S2 and Figure S1.
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Release of the two reaction products almost certainly occurs
via an ordered sequential mechanism, with orthophosphate
departing first. Unlike GDP, orthophosphate could be released
prior to dimer dissociation. The timing of the phosphate
release step is not discernible using initial rate analysis, yet
it influences the precise physical meaning of some 3M1D
model parameters estimated from initial rate data. We have
explored this issue by elaborating the 3M1D kinetic model to
incorporate separable product release steps (Figure S2).
Comparative analysis of these models shows that (1) if
phosphate release precedes dimer dissociation, the parameter
k+3 appearing in the 3M1D initial rate equation is a com-
pound term, incorporating both the rates of dimer dissociation
and phosphate release; and (2) if phosphate release either
precedes or follows dimer dissociation, the parameter k+4
appearing in the 3M1D initial rate equation is a compound
term, incorporating the rates of GDP and phosphate release
from the monomer (see Supplemental Experimental Proce-
dures for details).
Fitting the 3M1D Kinetic Model Using Initial Rate Data
Although complicated in form, the expression for initial reaction
velocity derived from the 3M1D model (Supplemental Experi-
mental Procedures, Equation S1.5) can be fit to experimental
rate data obtained at varying substrate and enzyme concentra-
tions (Figure 6B), to achieve good global agreement. The rate
equation is nonlinear, and strong correlations between model
parameters are expected. Therefore we employed Markov
chain Monte Carlo (MCMC) simulations to analyze model fitting.
The parameter distributions that give best fit to the data are
output in MCMC simulations allowing straightforward identifica-
tion of well-determined and ill-determined model parameters
(Figures 6C and S3). Probability distributions can also be1438 Structure 22, 1433–1445, October 7, 2014 ª2014 Elsevier Ltd Acomputed for any function of the model parameters, allowing
inferences to be made about related quantities of interest,
such as the population of dimer under steady state conditions
and the turnover number of the monomer. In the following sec-
tions, we focus on three biologically interesting predictions
arising from the fit of the 3M1D model, and their experimental
validation.
Stalkless-MxA Has Weak Nucleotide Binding Affinity
Although the individual on and off rates for GTP binding are not
well determined from initial rate data, their ratio is (k1/k+1, Fig-
ures 6C and S3). This amounts to the equilibrium dissociation
constant (KD = k1/k+1) and is estimated to be 40 mM (25C).
To check the validity of this estimate, we independently deter-
mined the equilibrium constants for binding of the nonhydrolyz-
able substrate analog GMPPCP, and the reaction product GDP,
to stalkless-MxA, using isothermal titration calorimetry (Supple-
mental Experimental Procedures). This yielded estimates for KD
of 11 mM (GMPPCP) and 41 mM (GDP) at 25C (Figure S4), com-
parable with the estimated GTP binding affinity. Our result is also
consistent with previous estimates for GTP binding affinity to full
length MxA (KD = 20 mM at 25
C, assessed from competitive
binding experiments with fluorescent GTP analogs [Richter
et al., 1995]).
The Monomer Is a Very Poor Catalyst
The MCMC simulations predict that the rate of monomer catal-
ysis (k+5) must be close to zero. This is evident from the sharp
and monotonic decrease in the probability distribution for this
parameter (Figure 6C) as the rate increases from zero (99%
quantile of the distribution = 0.001 s1). A related, but more
experimentally accessible quantity is the turnover number of
the monomer (kcat); the maximum number of GTP molecules
that the monomer can hydrolyze, on average, per second. This
is a simple function of the rate of monomer catalysis (k+5) andll rights reserved
Figure 4. Stalkless-MxA Is a Self-Activating Enzyme
Maximal rate of catalysis as a function of enzyme concentration for stalkless-
MxA and several dimerization interface mutants. In contrast to a simple
enzyme, the maximal rate of catalysis for stalkless-MxA does not increase
linearly with enzyme concentration. Dimerization interface mutants V185Y and
D253A exhibit markedly reduced catalytic activity, and little self-activation. For
mutant V185Y, the rate is essentially linearly dependent on protein concen-
tration (0–6 mM enzyme, R2 = 0.96). Excess substrate (1.8–2 mM) was used to
ensure that stalkless-MxAwas operating at its maximal rate. The filled symbols
show the experimental rate data, and the solid lines show locally weighted
nonparametric regression curves (Cleveland and Devlin, 1988). See also
Figure S5.
Figure 5. General Kinetic Models for a Dissociable Homo-Dimeric
Enzyme
(Top) The general model applicable to a dissociable homo-dimeric enzyme,
with a single substrate and product.
(Bottom) A model applicable when dimerization occludes the active site, and
the substrate and product cannot be bound or released by the dimer unless it
first dissociates. The figure shows explicitly the states accessible to the
enzyme (three for the monomer and six for the symmetric dimer), and the first
or second order kinetic pathways by which those states can interconvert. The
flux though each of these pathways will be governed by the relevant rate
constants, which constitute the model parameters. The potential for in-
teractions between catalytic sites, and linkage between binding processes can
be made explicit in the equivalence or nonequivalence of the rate constants.
Structure
The Mechano-Chemical Cycle of Human MxAthe rate of product release (k+4) (see Supplemental Experimental
Procedures, Equation S1.13). However, because monomer
catalysis is strongly rate limiting (Peller and Alberty, 1959), the
distribution for the turnover number and rate of monomer catal-
ysis are indistinguishable (Figure 6C).
Hence overall the monomer is predicted to have negligible
GTPase activity with GTP hydrolysis resulting almost exclusively
from action of the dimer. Even when fully saturated with sub-
strate, kinetic model fitting suggests a monomer is likely to
take, on average, more than 1,000 s to turn over a GTPmolecule.
This timescale suggests monomer activity is biologically irrele-
vant. In contrast, the combined rate of dimer association/dimer
catalysis (k+2), which is well determined by the data (Figure 6C),
is estimated as 1.6 3 104 M1 s1.
To validate the kinetic model predictions, we generated
dimerization knockout mutants and measured their GTPase
activity. Dimerization of stalkless MxA was impaired through
point mutations within the dimer interface, that either disrupt
the intermolecular hydrogen bond network (mutant D253A) or
block subunit interactions via the hydrophobic socket (mutant
V185Y) (Figure 2). Neither point mutation causes global desta-
bilization of the protein structure (Figure S5); however, both
mutations dramatically attenuate the catalytic activity of stalk-
less MxA (Figure 4), consistent with the structural analysis
and kinetic modeling. Mutant D253A still exhibits very weak
self-activation, suggesting that dimerization has not been
completely eliminated. However for mutant V185Y, the rate of
catalysis increases linearly with enzyme concentration, sug-
gesting that this approximates the basal activity of the mono-
mer. The experimentally determined turnover number for
mutant V185Y is 0.002 s1, which is comparable with the esti-
mate for the monomer turnover number derived from kinetic
model fitting.Structure 22, 1433–The GTPase Domain Dimerizes Transiently
during Catalysis
Another quantity that can be determined using the 3M1D model
is the population of dimer existing under steady state conditions.
This is a complicated function of both the model parameters and
the total enzyme and substrate concentration (see Supplemental1445, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1439
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Figure 6. Kinetic Characterization of GTP Hydrolysis by Stalkless-MxA
(A) The 3M1D kinetic model used to describe the enzymatic activity of stalkless-MxA. Comparison with the more general model shown in Figure 5B allows
comprehension of the states that are eliminated, and the pathways that are coalesced due to the simplifying approximations described in the text. The sign of the
subscript of each rate constant specifies directionality (positive, clockwise progression; negative, counterclockwise progression).
(B) Steady state rate of GTP hydrolysis as a function of both enzyme and substrate concentration and its fit to the 3M1D model. The red spheres show the
experimental rate data. The surface shows a representative fit of the 3M1D model. The MCMCmethod, using the Metropolis-Hastings algorithm, was used to fit
the model to the data, and determine the posterior distributions of the model parameters consistent with the data.
(C) Posterior distributions of some model parameters, and functions of model parameters, that are of biological interest.
(D) The posterior distribution of the fraction dimer under typical steady state kinetic conditions (8 mMenzyme, 3.8 mMGTP). The distribution is bimodal, reflecting
the two possibilities consistent with the initial rate data.
(E) The oligomeric state of stalkless-MxA (8 mM) as a function of added nucleotide. The mass average molecular mass was determined using SLS in the absence
of nucleotide, in the presence of GMPPCP (2 mM), in the presence of GDP.AlFx (300 mM GDP, 400 mM AlCl3, and 5 mM NaF), and while hydrolyzing GTP (initial
concentration 3.8mM). Only the transition state analog promotes significant dimerization (see also Figure S6). Standard box andwhiskers plots are displayedwith
replicate measurements also shown as a dot plot. See also Figures S2–S4 and S6.
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mental conditions, the posterior probability distribution for the
fraction dimer is bimodal (Figure 6D), showing that two possibil-
ities are consistent with the initial rate data. The two possibilities
result from convergence to slightly differing parameter sets. In
particular, the first possibility (fraction dimer 0) is associated
with a relatively high value for the apparent dimer dissociation1440 Structure 22, 1433–1445, October 7, 2014 ª2014 Elsevier Ltd Arate (k+3), while the second possibility (fraction dimer 0.4) is
associated with a relatively low value. The first possibility would
imply dimerization of stalkless-MxA during catalysis is transient,
resulting in a negligible steady state dimer population.
To investigate further, we used static laser light scattering
(SLS) to measure the mass average molar mass of stalkless-
MxA, allowing direct evaluation of the kinetic model predictions.ll rights reserved
Structure
The Mechano-Chemical Cycle of Human MxASLS measurements on stalkless-MxA in the absence of any
nucleotide showed it exists as a monomer in solution (Figures
6E and S6). This is consistent with independent observations
made by SEC and DLS (data not shown). Addition of the non-
hydrolyzable substrate analog, GMPPCP, at saturating concen-
trations did not change the result (Figures 6E and S6). In the
presence of saturating concentrations of GTP, significant dimer-
ization of the enzyme (8 mM) was not detected using SLS
(Figure 6E). It was verified using an activity assay that stalk-
less-MxA was steadily hydrolyzing GTP under the conditions
employed for mass measurement. Only the addition of GDP
and aluminum fluoride, capable of creating a transition state
analog in the active site (Golicnik, 2010), promoted measurable
dimerization of the enzyme (Figures 6E and S6). Dimerization in
the presence of GDP.AlFx is incomplete, as observed for some
other DRPs (Byrnes et al., 2013; Chappie et al., 2011; Wenger
et al., 2013; Yan et al., 2011), but appears to be further promoted
at higher protein concentrations (Figure S6). We conclude that
dimerization of stalkless-MxA during catalysis is likely to be tran-
sient, with a negligible steady state dimer population at the
enzyme concentrations employed in our assays.
DISCUSSION
This structural, enzymatic, and biophysical study has clarified
the role of GTPase activity in the mechanical function of the
antiviral Mx proteins and closely related fission GTPases. Crys-
tallographic analysis shows that the GTPase domain of MxA di-
merizes in a fashion analogous to dynamin in order to facilitate
catalysis (Figure 2). Substrate binding results in a major reconfi-
guration of the BSE, which sits adjacent to the GTPase domain,
while GTP hydrolysis returns the molecule to its resting state
(Figure 3). Mx proteins appear to be fully functional contractile
machines, and this power stroke represents the mechanism
through which stored chemical energy is used to perform me-
chanical work.
We developed a kinetic model for dissociable dimeric en-
zymes (Figure 6A), and used this to fit initial rate data obtained
for stalkless-MxA (Figure 6B). The model explains the nonlinear
dependence of reaction rate on enzyme concentration, which
is a hallmark of the DRPs. The kinetic model also makes pre-
dictions regarding the substrate binding affinity, monomer
activity, and buildup of dimer during catalysis, which were vali-
dated experimentally. In particular, by both kinetic modeling
and experiment, the monomer is shown to be a very poor cata-
lyst, with an estimated turnover number <0.002 s1. In the
absence of dimerization, it is likely that the flexible Switch I
loop makes only very rare excursions into a conformation
that will promote hydrolysis. Additionally, the data suggest
that the GTPase domain dimer forms transiently during catal-
ysis. This finding appears likely to hold for other fission
GTPases, with only binding of a transition-state analog effec-
tive in promoting their dimerization (Chappie et al., 2010;
Wenger et al., 2013; Yan et al., 2011). Consequently, the
most likely role for GTPase domain dimerization in Mx proteins
and the fission GTPases is to tightly regulate activity of spatially
adjacent monomers in a complex assembly, allowing mechan-
ical activity to be synchronized at key points in the contractile
cycle.Structure 22, 1433–If Mx proteins share contractile activity with dynamin, this
must originate with a fundamentally conserved molecular mech-
anism. One of the most attractive proposals for dynamin acti-
vity is a sliding filament model involving a ‘‘grip,’’ ‘‘pull,’’ and
‘‘release’’ mechanism (Figure S7) (Faelber et al., 2012; Morlot
and Roux, 2013). In this model, substrate-loaded dynamin
subunits assemble into a helical polymer around a tubulated
membrane. As one turn of the helix is completed, the GTPase
domains come into proximity. Dimerization of the GTPase do-
mains (‘‘grip’’) leads to GTP hydrolysis and a BSE-mediated po-
wer stroke (‘‘pull’’), which drives the filaments past one another
and constricts the membrane. Subsequently the GTPase do-
mains rapidly dissociate (‘‘release’’), readying the complex for
the next cycle. Each cycle involves the ‘‘grip and pull’’ of all the
GTPase domains in current overlap. As the cycle repeats,
more GTPase domains overlap, thus generating a greater force
to compensate for the increasing membrane curvature.
Our findings are consistent with the sliding filament model for
the fission GTPases. In particular, transient dimerization and low
nucleotide affinity of the GTPase domain would allow for rapid
recycling of the enzyme at the ‘‘release’’ step, while the cata-
lytic inefficiency of the monomer effectively arrests GTP hydro-
lysis prior to the ‘‘grip’’ step. This noted, there are also some
obvious differences between MxA and dynamin, and the
connection between the mechanical and antiviral activities of
Mx proteins remains mysterious. While both dynamin and MxA
tubulate lipids, assembly around a lipid template stimulates the
GTPase activity of dynamin (von der Malsburg et al., 2011), but
not of MxA (von der Malsburg et al., 2011; Gao et al., 2010),
and it does not appear that Mx proteins actually promote mem-
brane scission. It is also not yet established if Mx proteins form
rings or helices around target structures (von der Malsburg
et al., 2011), something which has fundamental implications for
the kind of mechanical work that the protein can perform. Finally,
for some viruses, it has been suggested that it is GTP binding,
rather thanGTP hydrolysis, that is critical for MxA-mediated anti-
viral activity (see, e.g., Kochs and Haller, 1999; Schwemmle
et al., 1995). This would exclude antiviral activity deriving from
mechanical disruption of viral structures via a sliding filament
mechanism (Figure S7).
The kinetic and biophysical data also highlight the functional
divergence between the fission and fusion GTPases, existing
within the DRP family. In contrast to the fission GTPases dis-
cussed above, fusion GTPases such as atlastin have transmem-
brane domains, which confer permanent residence in the mem-
brane bilayer, and allow them to pull membranes into proximity.
They also generally function as dimers and lack a separable BSE
and stalk domain. At the lowmicro-molar protein concentrations
typically employed in vitro, substrate binding drives significant
GTPase domain dimerization in fusion GTPases (Bian et al.,
2011; Byrnes and Sondermann, 2011; Prakash et al., 2000),
but not stalkless fission GTPases (this work, see also Chappie
et al., 2010; Wenger et al., 2013; Yan et al., 2011). Presumably,
this reflects the basic functional differences between these two
classes of enzymes. Fission GTPases likely require multiple cy-
cles of GTP hydrolysis to drive a continuous constriction pro-
cess, with the GTPase domains functioning as part of a large
assembly. Fusion GTPases likely require a discrete GTP hydro-
lysis event to bring adjacent membranes into proximity, with1445, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1441
Structure
The Mechano-Chemical Cycle of Human MxAthe GTPase domains coordinating the activity of a pair of
molecules.
To the best of our knowledge, prior quantitative modeling of
the enzymatic activity of DRPs and their stalkless variants has
been restricted to use of the Michaelis-Menten/Briggs-Haldane
equation (see, e.g., Horisberger, 1992), or has employed a sim-
ple model based on the assumption of pseudo-equilibrium be-
tween monomer and dimer (Gao et al., 2010; Kunzelmann
et al., 2005). The former approach does not consider the enzyme
as a dissociating dimer and cannot explain the characteristic
self-activation of the DRPs. The latter approach does explain
enzymatic self-activation and is attractive in its simplicity. The
assumption of an equilibrium distribution between monomer
and dimer (Kurganov, 1968) leads to a straightforward expres-
sion for the steady state enzymatic activity as a function of
enzyme concentration (see Supplemental Experimental Proce-
dures, Equation S2.1). However, the equilibrium assumption
requires that dimerization and catalysis occur on separable time-
scales (i.e., dimerization is very rapid or very slow compared to
catalysis) (Frieden, 1981; Kurganov, 1968). This assumption
has never been tested for the DRPs and is almost certainly
invalid, leaving the physical meaning of the model unclear. In
addition, such equilibrium models are only capable of the treat-
ment of steady state rate data and cannot be readily extended to
other circumstances.
The less restrictive approach we have developed in this paper
provides more insight into the coupling between dimerization
and catalysis. Using MCMC simulations it is possible to informa-
tively fit the 3M1D model (Figure 6) to initial, steady state rate
data, despite the complexity of the relevant rate expression
(Supplemental Experimental Procedures, Equation S1.5). A
related model, incorporating further simplifications, has previ-
ously been used to explain the steady state activity of DNA gyr-
ase B, a self-activating dimerizing ATPase (Ali et al., 1993). Initial
rate analysis, based on the 3M1D model, could facilitate basic
comparative studies of many dissociable dimeric enzymes that
are self-activating or deactivating.
The 3M1D model is useful, insofar as it is based on physically
reasonable approximations and makes correct predictions
about the biophysical and enzymatic behavior of stalkless-
MxA. Further progress requires, at a minimum, the collection of
more sophisticated kinetic data. From initial rate data it is not
possible to reliably determine most of the individual parameters
of the 3M1Dmodel (Figure S3). This prevents estimation of many
quantities that would be of great biological interest, such as the
mean lifetimes of various species. However the ultimate goal
must be to develop a more sophisticated kinetic model that
quantitatively links the catalytic and mechanical activities of
stalkless-DRPs. There are several issues to be resolved before
this can be attempted. First, based on the crystallographic anal-
ysis, it appears possible that phosphate release is central to BSE
reconfiguration (Figure 3). While it is simple to incorporate sepa-
rable product release steps into the 3M1D model (Figure S2),
initial rate analysis provides little insight into the kinetics of phos-
phate release and cannot establish if it precedes, coincides with,
or follows dimer dissociation. Second, while crystallographic
analysis suggests there may be only two highly populated con-
formations for the BSE (Figure S3), this has not been indepen-
dently verified, and the kinetics of conformational switching are1442 Structure 22, 1433–1445, October 7, 2014 ª2014 Elsevier Ltd Aunknown. The reliable extension of quantitative models to
encompass mechanical activity requires a more complete
assessment of the BSE conformation at various stages of the
catalytic cycle, as well as investigation of the kinetics of phos-
phate release and conformational switching.
Mx proteins have been proposed to assemble around viral
nucleoproteins or other viral targets (Haller and Kochs, 2011;
Mitchell et al., 2013) (Figure 1). The extensive similarities be-
tween Mx proteins and dynamin suggested that Mx assemblies
may have contractile activity, leading to mechanical disruption
or entrapment of the target. It is also possible that Mx proteins
could exert antiviral activity by perturbing viral membrane re-
modeling or viral trafficking (Hoff et al., 2014). Irrespective of
the target, our results show that the relationship between Mx
proteins and fission GTPases is not superficial, and Mx proteins
can almost certainly function as contractile machines. Interest-
ingly, the recently identified anti-HIV-1 activity of MxB, which
involves specific recognition of the retroviral capsid, is indepen-
dent of both GTP binding and GTP hydrolysis (Goujon et al.,
2013; Kane et al., 2013). This suggests that Mx proteins must
interfere with viral replication using several independent mech-
anisms, some of which do not require mechano-chemical
activity.
EXPERIMENTAL PROCEDURES
Preparation and Crystallization of Stalkless-MxA
The four stalkless-MxA variants used in this study are detailed in Table S1.
Following construction of heterologous expression plasmids, proteins were
expressed in Escherichia coli and purified to homogeneity using standard
chromatographic procedures. Stalkless-MxA was crystallized in the absence
of nucleotide, the presence of GDP, and the presence of GMPPCP (see Sup-
plemental Experimental Procedures). Details of the crystallization conditions
are reported in Table 1.
X-Ray Crystallographic Data Collection and Structure
Determination
Immediately prior to data collection crystals were transferred into cryoprotec-
tive solutions (Table 1), suspended in thin fiber loops, and flash frozen by direct
immersion in liquid nitrogen. X-ray diffraction data were collected by the oscil-
lationmethod at the Australian Synchrotron (beamlinesMX1 andMX2) on crys-
tals maintained at 100 K in a cold gas stream. Data extended to 2.0 A˚ and 2.5 A˚
resolution for the nucleotide-free and GDP-bound crystals, respectively
(space group I212121) and to 3.5 A˚ resolution for the GMPPCP-bound crystals
(space group P212121). Diffraction data were integrated and scaled using the
program HLK2000 (Otwinowski and Minor, 1997). The nucleotide-free struc-
ture was determined by themethod of molecular replacement, using the struc-
ture of stalkless-dynamin as a search model (PDB accession code 2X2E).
Nonconserved residues were removed from the model using CHAINSAW
(Stein, 2008) and the search model positioned using Phaser (McCoy et al.,
2007). Automatedmodel building with ARP/wARP (Langer et al., 2008) was fol-
lowed by iterative manual model building and refinement using the programs
COOT (Emsley et al., 2010) and REFMAC (Murshudov et al., 2011). For both
the nucleotide-free and GDP-bound structures there is poorly defined electron
density for the first seven residues (aa 37–43); most of the Switch I loop (aa 98–
103); a surface loop (aa 152–155) termed the ‘‘cis stabilizing loop’’ (Chappie
et al., 2010); and the distal tip of the BSE, including the artificial linker
substituted for the stalk domain. The GMPPCP-bound structure was deter-
mined by the method of molecular replacement using the GTPase domain
(aa 68–337) of the nucleotide-free structure as the search model. Jelly-body
and local noncrystallographic symmetry restraints (Murshudov et al., 2011)
were subsequently employed during refinement. Iterative model building
allowed near complete definition of the BSE in one of the two molecules within
the asymmetric unit.ll rights reserved
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collated in Table 1.
Steady State Enzymology, Isothermal Titration Calorimetry, and
Temperature Scanning Fluorometry
Details are provided in the Supplemental Experimental Procedures.
Static Laser Light Scattering: Sample Preparation
Stalkless-MxA variant 2 was transferred into 12.5 mM HEPES/KOH pH 7.5,
250 mM NaCl, 0.5 mM TCEP.HCl. For equilibrium measurements in the pres-
ence of GMPPCP or GDP, the protein solution was diluted with stock nucleo-
tide and MgCl2 solutions to achieve final concentrations of 2 mM nucleotide,
5 mM MgCl2 and 6–24 mM protein. After 30 min incubation at room tempera-
ture, dust and other particulate matter were removed by centrifugation and
data collected. For equilibrium measurements in the absence of nucleotide,
the sample was treated equivalently, substituting buffer for the stock nucleo-
tide solution. For equilibrium measurements in the presence of a transition
state analog, stock GDP, MgCl2, and NaF solutions were added to the protein
to achieve final concentrations of 0.3 mM, 1 mM, and 5 mM, respectively, and
the sample incubated for 5 min at 25C. AlCl3 was added to a final concentra-
tion of 0.4mM and data collected following a further 25min incubation at 25C.
For measurements when the enzyme was actively hydrolyzing GTP, a stock
GTP solution (100 mM) and stalkless-MxA solution (8 mM) were centrifuged
at 25,000 g for 30 min, mixed in a 1:25 ratio, and centrifuged at 25,000 g for
a further 3 min before measuring data. Conditions were such that <30% of
GTP was hydrolyzed during the period of observation. All light scattering mea-
surements were performed at 25C. For calibration of the instrument for SLS
analysis, measurements were made on 0–7 mg/ml solutions of hen egg white
lysozyme (molar mass 14,300 g/mol, Sigma-Aldrich) in 20 mM citric acid/KOH
pH 4.0, 100 mM NaCl.
Static Laser Light Scattering: Data Acquisition and Analysis
Single angle static and dynamic light scattering data (90 scattering angle,
831.1 nm wavelength) were acquired simultaneously using a DynaPro Titan
Dynamic light scattering instrument (Wyatt Technology). The normalized
intensity autocorrelation function and mean photon count rate were
measured repeatedly with a 1 s acquisition time. Removal and replacement
of the cuvette was a primary source of random error in replicate measure-
ments. In total, 500–1,250 1 s acquisitions were made for each sample, re-
seating the cuvette multiple times in each case. Both the static and dynamic
light scattering data were analyzed, however only the SLS analysis is
reported.
The following linear relation was employed to describe the SLS data, under
the fundamental assumption of Rayleigh scattering by the protein:
Dsolution = foverallMC+Dsolvent : (Equation 1)
Here, M is molar mass of the protein; C is the weight concentration of the pro-
tein; foverall is a constant which subsumes instrumental factors, the optical fac-
tor and the incident beam intensity; Dsolution is the photon count rate from the
protein solution; and Dsolvent is the photon count rate from the solvent. Plots of
the count rate (Dsolution) versus weight concentration (C) for the lysozymemass
standard were effectively linear (R2 > 0.97), allowing foverall and Dsolvent to be
reliably determined, and the mass average molar mass of unknown proteins
to be estimated accordingly.
Kinetic Model Fitting and Model Predictions
A steady state rate equation was derived for the 3M1D model (Figure 6A) (see
Supplemental Experimental Procedures). Fitting of the steady state rate (Sup-
plemental Experimental Procedures, Equation S1.5) to the enzymatic rate data
was achieved through MCMC simulation. The Metropolis-Hastings algorithm
(Hastings, 1970; Metropolis et al., 1953) was implemented in Mathematica
(Wolfram Research) allowing computation of the parameter distributions and
estimation of the model fit by maximum likelihood. Sampling of each param-
eter was performed using normally distributed steps in the log-space of the
parameter. All kinetic parameters were constrained to be >1010 and <1020
in the simulations. Convergence of the parameters to their stationary distribu-
tions was assessed by both visual inspection of the chains, and by use of Gel-
man-Rubin diagnostics (Gelman and Rubin, 1992). Briefly, five chains withStructure 22, 1433–different initial parameter estimates were run for 500,000 iterations following
burn-in, and the potential scale reduction factor (PSRF) was calculated. The
PSRF was less than 1.05 for all parameters, indicating convergence (Gelman
and Rubin, 1992). Posterior distributions for the model parameters, and simple
functions of themodel parameters, were computed from the combination of all
five chains.
To predict the dimer population during GTP hydrolysis, the parameter esti-
mates at each step in a chain were substituted into the appropriate expression
(Supplemental Experimental Procedures, Equation S1.6), together with
the relevant enzyme and substrate concentrations. This generated a posterior
distribution for the dimer concentration under the appropriate experimental
conditions. Results were reported in normalized form, as the fraction dimer
(Figure 6D).ACCESSION NUMBERS
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